
����� � ��� 	 ��
 � �  	 � 
 � � ��
 � � �  � ��� � �����
���  � ��� ��� � 
 �  ����� � � � � � �  � ��� 	 ��
 �

 � 	 �  ��	 � � � 	 � �  � � � � � 
 �  � 	 �� �

 �  �� � 	 � 
 � �  � ��� � � ��� 	  � ��� �  �

��� � � �! " $#&%
�('*)�+,+- .+!/ � )�%10324'50 �7698 � 0;:3<=+>6�+-? %

� 6�2A@�#5<B032A:�% +!/ � 2$6C6�#D0B+7:E�
� 2"6�6�#F�HGI+- $2"0KJL� � M>MON�M>M

+!<3P(0B)C+QG +-6 :=)C# � G�G9 $24'K�O:=2$+>6 +Q/ � +R? GTS(U
:*�O:=2$+>6V�! � #W:=)�+(8X0 :=+   $#Y'W:3<B+('*)�#Y? 24'K�! ��%10ZU
:=#K? 0KJF� SX[RS�0;:]\-^XJ_\C`>J_�!6�8 ��#&GC:=#K? ab#&< ` JdcQ^>^�`QJ
e #&<fP�#D $#W%gJL� �

� +ih +Q<fPR#5<B0 /j+Q< :=)�# h +!<fP 8C#D0='W<B2kab#Y8 :=+(89�K%ml
� �_:3<=2$'nP �('*)�#D $ $2"6X[VJVJo� 2$6 pI),SV�!61[VJ���#F�!6 �! qU
a�<n�76.J�� �H<B+>6 %16�@g#D#Y6rJ(� S�),SV� � SV�76

�9S�6�8C2$61[Vl � 
  J � ��� �!698 :=)�# � 2$6�6C#Y03+!:*�
��S1Gb#&<='D+-? GTS�:s2"6X[ �t6C0u:=2A:=S�:s#

`




 � 	 ����� 
��� � �� � � � � �  	 � 
 � �
� � �v� � �w	]� � �  l

��	 � � � 	 � �  � � � � � �  ��� 
 � ��
 �� � 	 � 
 � 	 � � � ���  � l


 � 	  � �(�  ��� x ���  	 ��� �
��
 �  �  �  	 � 
 � �
� 
 � � ��� �(��
 � � � � � 
 � 	 ��
 
 x

c



��� � �� �

� 2AyvS�032A@g# z {}| � #F�Q'~:=2$+-6 '5#Y6�:=24? #W:s#&<B0
� 2AyvS�032$+-6

�t+-6 �u�.�X�w���_�t�;�-� +>2$030B+>6�� 6T�!6�+-? #W:s#&<B0
0B'&<B#D#Y6C2$6X[ e +> A:3��? �!6
� 2$#D $#Y'W:3<B24' ? +> $#K'5S� ��H< �76X[�0;:3<B+R? 0

8�%�6V�!? 24'50
#D $#K'~:3<B+-6�2$' 	 )�+-? �!0E� ��� � J�#&:s' ^ � ` �76X[R0u:3<B+R? 0

�9#5<=? 2

\



� 
 � � � 	]� 	 ��
 � � � �C� � �� �

-2

-16
10 10-12

-7

10

-9

time(s), log scale

10 10

10

-10

continuum

(boundary conditions for continuum
  determined by MD, renormalised MD)

(force fields for MD from QC,direct dynamics,
self consistent tight binding MD)

D

-6
10

10

-4

QC

M

10

distance (m), log scale

N



� � �v� � �w	]� � �  lb	 � � ��� � 	 �  ��� � ��
�w	 � 	 �  � 
 	  � 	 �t� �

metallic
electrons

Stern layer
 (solvent)

Gouy Chapman
   (ions)

  1A            5A                                      10 A 

1/C          =       1/C    +   1/C              +     1/Ctotal                                       metal                      Stern                                            GouyChapman

M



� 
 �  ����� � � � �b� � �w	]� � �  
 � 	 �  ��� U
	  � ��� �  � � ����	 
 ���
� 	 )�# � +-S1%gU;� )V�HGT? �!6 :=)C#Y+!<f% �_:3:3<B2ka9S1:=#K8 :=)�#
'K�HG��!'D2�:E�769'5# :=+ :=)�# 0='W<B#Y#D6�2$61[ +Q/ :=)�# �T#Y 48
a,% :=)�# 2$+-6C0 +!/�:=)�# #Y $#Y'~:B<B+> A%�:=# �

� 	 )�2$0 [�2A@�#Y0 � 'K�HGL�Q'52A:*�!6�'D# G��O<n�Hab+> $24' 2$6 :=)�#
'*)V�H<f[R# h )�24'*) 2$0�+Qa90B#&<u@g#Y8 '5 $+>0B# :=+ :=)�# GI+-2$6�:
+Q/��F#&<B+ '*)V�O<3[R# �

� �L�H< /�<B+-? :s)C# � p.� :=)C#5<B# �H<B# 8X#&@�2��O:=2$+>6�0
/�<B+R? :=)�# :=)C#Y+!<f% 2$6 :=)�# #��1GI#5<B24? #D6g:=0 � 	 )C#Y03#
h #5<B# �_:3:3<B2ka9S1:=#K8 a,% �g:=#5<B6 �!698 +!:=)�#&<B0 :=+
:=)�#  ��K%�#5< +Q/ h �O:=#&< ��ab+>S�698�� �_: :=)C# 2$6g:=#&<�U
/��Q'5# � �t6 ? +>0u: ? +(8X#Y "0 :s)C2$0 [�2A@�#Y0 � 'K�HG��!'D2qU
:*�!6�'D# 0;%X? ? #&:3<B24' 2$6 :=)�# '*)V�O<3[R# �HaI+-S�: :=)�#
� pr� �

� e S�: :=)C#5<B# 2$0 � G��H<u: +Q/ :=)�# 'K�HG��!'D2�:E�769'5#
h )�24'*) 2"0 6�+7: 0;%X? ? #&:3<B24'K�! 2$6 :=)C# '*)V�H<f[R# �� � <n�!)T�Q? #>Jm`K�HN��-�

�



� � � ����� � � � ��� 	 � � 

+

+

+

+

+

+

+

+

+

+

+

+

+

+

�



+

-

 



� 
 �  ������� � � � �v� � �w	]� � �  lF�  	]� �mU
� 	  � ����� 

� � '5+R? ? +-6 �HGCG�<B+g�!'E)rJ 2$0 :=+ 'K�! 4'5S� ��O:=# �
/j+Q<='5# �T#Y 48 Gb+7:=#Y6�:s2��! 7/j+Q<�� 032$6X[R $# h �O:=#5<�? +- "#K'5S� $#
6�#F�H< � ? #&:*�! #D $#Y'W:3<B+(8X# � 2$6 03+R? # ? +(8X#Y ¡�
�!6�8 :=)�#D6 ��: � h �_:=#5<�U�? #W:*�! T/j+Q<='D# �V#D 48 Gb+OU
:=#Y6�:=2��! O:=+ :s)C# <B#Y03S� A:=0 � �9+Q<}#��T�!? GT "# � #Y2"6X�K2$6X[R#5<
�!6�8 '5+ih +Q<fP�#&<B0 �!0 h #Y $ v�!0 +7:=)�#&<=0 S�03#Y8 :=)�2$0
�HGCG�<B+g�!'E) /j+Q< 8X#Y0B'W<=2AaT2$61[ GT ��_:=2$6�S�? h �O:=#&<
2$6�:s#&<f/��Q'5#Y0 �

� � #5<B# h # 8X#Y0B'W<=2Aab# � � �H<�¢1� �H<f<B2$6�#D $ $+ :�%�Gb#
'K�! 4'5S� ��_:=2$+-6 'D+-? aT2$6C2$6X[ ? +- "#K'5S� ��O< 8�%16T�Q? U
24'50 �!6�8 8X#Y6C0B2A:�% /jS�6�'W:=2$+>6V�! ? #W:s)C+(8X0 � ���
� )�#Y? � � )g%10 � `K^Rc1J �-� ^-\ � `K�>��M��E£ ��� � )�#Y? �
� )�%10 � `K^>�CJ   ^¤� � � `Y�-�   �f� �

� 	 )�# #~��Gb+-03#Y8 /��Q'5#Y0 +Q/ :=)C# 0B ��HaT0 �H<B# � ^>^�`i�
+Q< � `-`Y^¤� 03SX<f/��Q'5#Y0 +Q/ :=)�# � � � 0u:3<BS9'~:=SX<B#-J
h 2A:=) h 2A:=) � :=+7:E�7 V+Q/vab#W:�h #D#D6 `K^-^ �!698 c!^-^
? #W:*�! �_:s+-? 0 Gb#&< S�6�2�: 'D#D $ � � �9+!< :=)�# `Y^-^
03SX<f/��Q'5# :=)�# '5#Y " -8X24? #D6�032$+-6C0�h #&<B# N�c � \ ¥� ¦ `�M � \ ¥� ¦ `�M � \
	 )�# `K^>^ '5#D $ .2$0 0B)C+ih 6 aI#Y "+ih �

�



`Y^



� # 'K�!6 �HGCGT A% � 6C#&:�8�<B+QG 2$6 #D $#Y'W:3<B24' GI+!:=#Y6�U
:=2��! �ab#W:�h #D#Y6 6�#D2k[�)gab+!<=2"6X[ 03 ��Ha90 :=+ 2$6�8CS�'D#
6�#W: 03SX<f/��Q'5# 'E)T�H<f[�#D0�+-6 :=)�# ? #&:*�7 ,03SX<f/��Q'5#D0 �

� 
 6� A% :=)�# ? #W:E�7 §�¨0 @Q�! "#Y6�'D# #D $#Y'W:3<B+-6 h �K@�#
/jS�6�'W:=2$+>6�0��O<=# 'F�7 4'DSC ��O:=#Y8r£i:=)C# � � 
 ? +- "#K'5S� $#D0
�H<B# :*�HP�#D6 :=+ aI# '5 $+-03#K8,Uw0B)C#Y " b0u%�0u:=#Y? 0 h 2�:s)
�X�X#K8 #Y "#K'~:3<=+>6 8X#Y6C0B2A:=2$#D0YJ �70 �O<B# :=)C# '5+Q<B#
#D $#K'~:3<B+-6�0 +Q/T:=)�# ? #&:*�7 � # )T�K@�# 8C+>6�# 'K�! qU
'5S� ��_:s2"+-6�0 /j+Q< � ? +(8C#D }+Q/ 'D+!G�GI#5< 2"6 h )C24'E)
+-6C A% +-6C# #Y "#K'~:3<=+>6 Gb#&< '5+QGCGb#&< �O:=+R? � �76 ©-0ZU
 $2kPR#Y© #D $#Y'W:3<B+-6�� 2$0 :3<B#F�O:=#K8 #��1G9 $24'52A:= A% �!698
+Q/ 'F�!8�? 2$S�? 2$6 h )�24'*) :�h + #Y "#K'~:3<=+>6�0 Gb#&<
�O:=+-? �H<B# :3<=#F�O:=#Y8 #~��GT $24'52A:= A% � # #Y? G9)V�ªU
032k�F# ? �!2$6C A% :=)�# <B#D0BSC A:=0 +-6 :=)�# '5+QG�GI#5<�Uw $2AP�#
? +�8C#D �)C#5<B# �

� 	 )�# @Q�! $#D69'5# #D $#K'~:3<B+-6 h �K@g# /jS�69'~:=2$+-6C0 �H<B#
:*�HPR#Y6 :s+ ab# �K#5<B+ +-S1:=03248C# +Q/ :=)�# «;6�#F�H<�¢
? #W:*�! I<B#5[R2$+-6C©

� 	 )�# h �K@�# /jSC69'~:s2"+-6�0 �O<=# #��1GL�!6�8C#Y8 2"6 � a��iU
032$0 +Q/ GT ��76�# h �Y@g#D0 � �9S1<f:=)C#5< 8X#&:*�!2" $0 �H<B#
¬ SC2A:=# 0;:E�76989�H<=8 �!698 h # <B#&/j#5< :=+ :s)C# G��iU
Gb#&<B0 �

`>`



� �9+Q<m:s)C# 'D+!G�Gb#&<} $2AP�# ? +�8C#D §J�#K? G92k<B24'K�! HGT03#YS�U
8C+!Gb+7:s#D6g:=2��7 $0.h #&<B# S�03#K8 �!698 +-6� �% :=)�# 0�Uw $2AP�#
#D $#K'~:3<B+-6�0 +!/ 'D+!G�GI#5< h #5<B# 2$6�'D $S�8C#Y8 �

� �9+Q< :=)C# 'K�Q8C? 2$S9? ? +�8C#D §J /jS� $ 6�+-6�Uw $+('K�! 
GT03#DS98C+!Gb+7:s#D6g:=2��7 $0 h #&<B# S�03#Y8 �!698 6C+ �Q8,U
 S�0;:s? #D6g: h �!0 6C#K'5#Y030s�H<u% :=+ [�#W: :=)C# 'K�Q8,U
? 2$S�? h +!<fP /jSC69'~:s2"+-6 <B2k[R)g: �

`Fc



� 	 
 � ��� ��
 � �  �
� /®:=#5< +QaX:*�!2$6C2$6X[ 03#D k/�'D+>6�032$0u:=#D6g: h �K@�# /jSC69'EU
:=2$+-6C0 :s)C# �_:=+R? 0 �O<B# ? +i@�#K8 h 2A:=) :=)C# ¯ #&<�U
 $#W: �! k[R+Q<B2A:=)9? S�032$61[ /j+Q<='5#Y0 2$6 :s)C# /j+!<=?

°±_²ª³ °±b´�µ�¶¸· ¹² º °± �¸»¼�¸½ µ$¾Z¶¸¿i¹²
� °± ´�µ�¶¸· ¹² h #&<B# :*�HP�#D6 /�<B+R? h �_:s#&<�UÀh �O:=#5< 2$6�U
:=#5<n�!'W:=2$+>6�0 /�<=+-? :=)�# 'D#D6g:3<n�! /j+!<s'5# ? +(8X#Y 
�!6�8 #D $#Y'W:3<B+-0;:*�O:=24' )g%181<B+Q[R#Y6�U�? #W:E�7 12$+-6 �!698
+F�(%([R#Y6 ? #W:*�! m2$+-6 2$6g:=#&<*�!'W:=2$+>6�0 �

� °± �¸»¼�¸½ µ$¾Z¶¸¿i¹² 2$0�:s)C# /j+!<='D# +-6 )�%X8�<=+![�#D6.J!+F�(%([�#D6
+Q< ? #&:*�! �O:=+-? 2 �H<B2$032$6X[ /�<=+-? :s)C# 'K�! $'DS�U
 ��_:s#Y8 @>�7 $#Y6�'D# #D $#K'~:3<B+-6 8C#D6�032A:�% �

� °± �¸»¼�¸½ µ$¾Z¶¸¿i¹² 2$0}+QaC:*�72$6�#Y8 /�<=+-? ÁHÂ °Ã9²EÄ�Å °¾OÆ ²®ÇÉÈXÊ ²®ÇÉÈË ¹ Ì °¾ Á°Ã�²®ÇÉÈ5Í � Ì °¾ Í a¤% �T+>SX<B2$#&< :3<*�76�0u/j+Q<=? +Q/ Ê ²®ÇÉÈË ¹ Ì °¾ Á°Ã�²®ÇÉÈ5Í

`Y\



�  ��� ��	 � ��
 � � 	  � � ����	 � � e � 	 ��
 �
�  � � 	 �  ��� 	  � ��� � 
� � 'K�! 4'5S� ��O:=2$+-6 h 2A:=)  S�0;:�+-6C# h �_:=#5<�? +- $#Y'5S� $#
2$6 :=)�# 0uG��!'D# ab#W:�h #D#Y6 :=)C# 0B24? S� ��_:s#Y8 '5+QG�U
Gb#&<}03 ��Ha90.[,�K@�# �76 +>6 :=+!G 032A:=# � +F�(%([�#D6 8C+�h 6��
�!0 :=)�#  $+�h #D0;: #Y6C#5<f[Q% h �O:=#&< '5+-61��[�S1<*�_:=2$+-6
+Q/�:s)C# `Y^-^ 0;:B<BS�'W:=SX<B# �

� 	 )�#D6 h # 8X248 � 'K�! $'DSC ��O:=2$+>6 h 2A:=) cON,M ? +- "#K'5S� $#D0
2$6 :=)�# 0uG��Q'5# aI#&:�h #Y#D6 :=)�# GT ��!6�#D0��!6�8 /j+>S�698
:=)�# +K��%�[�#D6 �!6�8 )�%X8�<=+![�#D6 8C#D6�032A:=2$#D0 ab#�U
:�h #Y#D6 :s)C# G9 ��!6C#Y0 0B)C+ih 6 �Hab+�@g# �

`WN



� �Î: 2"0 #&@�248C#D6g: :=)V�O: +Q/��! " 9:=)C# «u+>6(UÀ:=+QG9© 0B2�:s#D0
2$6 :=)C# G9 ��!6C# +Q/ :=)C# '5+-6g:=+>SX< GT "+!:FJ +-6C A% �
/j#Wh �H<B# +('D'DS1GT2$#Y8 �

� 	 )�2$0 2$0 @g#&<u% 8C2�ym#5<B#D6g: /�<=+-? :=)�# <=#D03S� A:=0 +!/
:=)�# � � h +Q<fP +!/ � #D2$61�F2$61[�#&< �7698 �gGb+>)X<KJ
h )�+ h +-SC 48 )V�K@�# ? �!8C# � GI+!:=#Y6�:=2��! S�032$6X[
:=)�# +-6C# h �O:=#&< ? +- $#Y'5S� $# 'K�! 4'5S� ��_:=2$+-6 �!698
:=)�#D6 /j+-S�6�8 :=)T�O:�6C#��O<= �% �7 $ H:s)C# h �_:=#5<.? +- "#K'5S� $#D0
)V�!8 �_:3:*�!'E)C#K8 2$6 :=)�# +-6 :=+QG 032A:=# � �t6�8C#D#K8�J
:=)�#W% 8C248 #Y030B#D6g:=2��7 $ A% :=)�2$0 /j+Q< � � : 0BS1<f/��Q'5# �
 @�248C#D6g:= A%�JY:=)�# h �O:=#&<�2$0}#��1Gb#&<B2$#D69'52$6X[ � ©!:=)X<B+>SX[�)
? #W:*�! $© 2$6g:=#&<n�Q'~:s2"+-6 2$6 :=)�2"0 ? +(8X#Y h )C24'E)
'K�!S�03#D0 +-6C# +-6�UÀ:s+!G h �_:=#5< :=+ <=#&Gb#D 9�!6�+7:=)�#&< �
	 )�2$0 'D+>S� 48 6�+!: ab# <B#5GC<=#D03#Y6�:s#Y8 a¤% � :�h +
ab+�8�% GI+!:=#D6g:=2��! �

`FM



���H<f<u% � S1<f:=2$030 �!698 '5+ih +Q<fP�#&<B0 )V�Y@g# '5+-6�U
�9<=? #Y8 :=)T�O: :s)C2$0 ©7:s)1<B+-SX[R) ? #W:*�! $© <B#5G9S� $032$+-6
+Q/.h �_:s#&< ? +> $#K'5S� "#Y0 +-6 � '5+QG�GI#5< 03SX<f/��Q'5# +('EU
'5SX<B0 2"6 � ? S9'*) ? +Q<B# '5+R? G9 $#&:=# ? +�8C#D �+!/�:=)�#
#D $#K'~:3<B+-6�2$' 0;:3<BS9'~:sS1<B# +>6 � 0=? �7 $ .'5 $SC0u:=#&< �

ÏÀÏÀÏÀÏÏÀÏÀÏÀÏÏÀÏÀÏÀÏ
ÏÀÏÀÏÀÏÏÀÏÀÏÀÏÏÀÏÀÏÀÏÏÀÏÀÏÀÏÏÀÏÀÏÀÏÏÀÏÀÏÀÏÏÀÏÀÏÀÏÏÀÏÀÏÀÏ ÏÀÏÀÏÀÏÀÏÏÀÏÀÏÀÏÀÏÏÀÏÀÏÀÏÀÏ

ÏÀÏÀÏÀÏÀÏÏÀÏÀÏÀÏÀÏÏÀÏÀÏÀÏÀÏÏÀÏÀÏÀÏÀÏ

ÐÀÐÐÀÐ

ÏÀÏÀÏÀÏÀÏÏÀÏÀÏÀÏÀÏÏÀÏÀÏÀÏÀÏÏÀÏÀÏÀÏÀÏÑÀÑÀÑÀÑÀÑÑÀÑÀÑÀÑÀÑÑÀÑÀÑÀÑÀÑÑÀÑÀÑÀÑÀÑ

ÏÀÏÀÏÀÏÀÏÏÀÏÀÏÀÏÀÏÏÀÏÀÏÀÏÀÏÏÀÏÀÏÀÏÀÏ

ÐÀÐÀÐÐÀÐÀÐÐÀÐÀÐÐÀÐÀÐ

ÏÀÏÀÏÀÏÀÏÀÏÏÀÏÀÏÀÏÀÏÀÏÏÀÏÀÏÀÏÀÏÀÏÏÀÏÀÏÀÏÀÏÀÏÏÀÏÀÏÀÏÀÏÏÀÏÀÏÀÏÀÏÏÀÏÀÏÀÏÀÏÏÀÏÀÏÀÏÀÏÑÀÑÀÑÀÑÀÑÑÀÑÀÑÀÑÀÑÑÀÑÀÑÀÑÀÑÑÀÑÀÑÀÑÀÑ

ÏÀÏÀÏÀÏÀÏÀÏÏÀÏÀÏÀÏÀÏÀÏÏÀÏÀÏÀÏÀÏÀÏÏÀÏÀÏÀÏÀÏÀÏÏÀÏÀÏÀÏÀÏÀÏ

ÐÀÐÀÐÐÀÐÀÐ

ÏÀÏÀÏÀÏÀÏÀÏÏÀÏÀÏÀÏÀÏÀÏÏÀÏÀÏÀÏÀÏÀÏÏÀÏÀÏÀÏÀÏÀÏ ÏÀÏÀÏÀÏÀÏÀÏÀÏÏÀÏÀÏÀÏÀÏÀÏÀÏÏÀÏÀÏÀÏÀÏÀÏÀÏÏÀÏÀÏÀÏÀÏÀÏÀÏ

ÏÀÏÀÏÀÏÀÏÀÏÀÏÏÀÏÀÏÀÏÀÏÀÏÀÏÏÀÏÀÏÀÏÀÏÀÏÀÏÏÀÏÀÏÀÏÀÏÀÏÀÏÏÀÏÀÏÀÏÀÏÀÏÀÏÏÀÏÀÏÀÏÀÏÀÏÀÏÏÀÏÀÏÀÏÀÏÀÏÀÏÏÀÏÀÏÀÏÀÏÀÏÀÏÏÀÏÀÏÀÏÀÏÀÏÀÏÏÀÏÀÏÀÏÀÏÀÏÀÏ ÒÀÒÀÒÒÀÒÀÒÒÀÒÀÒ
ÒÀÒÀÒÒÀÒÀÒÒÀÒÀÒÒÀÒÀÒÀÒÒÀÒÀÒÀÒÒÀÒÀÒÀÒ ÒÀÒÀÒÀÒÒÀÒÀÒÀÒÒÀÒÀÒÀÒÒÀÒÀÒÀÒÒÀÒÀÒÀÒÒÀÒÀÒÀÒÒÀÒÀÒÀÒÒÀÒÀÒÀÒÒÀÒÀÒÀÒÒÀÒÀÒÀÒ
ÒÀÒÀÒÀÒÒÀÒÀÒÀÒÒÀÒÀÒÀÒÒÀÒÀÒÀÒÒÀÒÀÒÀÒÒÀÒÀÒÀÒÒÀÒÀÒÀÒ ÒÀÒÀÒÀÒÀÒÒÀÒÀÒÀÒÀÒÒÀÒÀÒÀÒÀÒÒÀÒÀÒÀÒÀÒÒÀÒÀÒÀÒÀÒÒÀÒÀÒÀÒÀÒÒÀÒÀÒÀÒÀÒÒÀÒÀÒÀÒÀÒÓÀÓÀÓ
ÓÀÓÀÓÔÀÔÀÔÀÔÔÀÔÀÔÀÔÔÀÔÀÔÀÔ

ÒÀÒÀÒÀÒÒÀÒÀÒÀÒÒÀÒÀÒÀÒÒÀÒÀÒÀÒÒÀÒÀÒÀÒ ÓÀÓÀÓÓÀÓÀÓÓÀÓÀÓ

ÒÀÒÀÒÀÒÀÒÒÀÒÀÒÀÒÀÒÒÀÒÀÒÀÒÀÒÒÀÒÀÒÀÒÀÒ

ÔÀÔÀÔÀÔÔÀÔÀÔÀÔÔÀÔÀÔÀÔÓÀÓÀÓÓÀÓÀÓ ÓÀÓÀÓÓÀÓÀÓÓÀÓÀÓ

ÒÀÒÀÒÀÒÀÒÒÀÒÀÒÀÒÀÒÒÀÒÀÒÀÒÀÒÒÀÒÀÒÀÒÀÒÒÀÒÀÒÀÒÀÒÀÒÒÀÒÀÒÀÒÀÒÀÒÒÀÒÀÒÀÒÀÒÀÒÒÀÒÀÒÀÒÀÒÀÒ

�t6 :=)�# �9<B0;: '5+-6��9[RSX<n�O:=2$+>6 :�h + 6C#Y2k[R)¤aI+Q<�U
2$61[ h �O:=#&<=0 �O<B# 2"6 +-6 :=+QG 032A:=#D0 � 	 )�# aT2$6�8C2$61[
#D6�#&<3[Q% +!/ :=)C# 03#K'5+-6�8 h �O:=#5< ? +- $#Y'DSC $# h �70
+-6C A% ^ � ^-\ #W¯ J¤2$6�8C24'K�O:=2$61[ � 0u:3<B+-61[ <B#5G9S� $032$+-6
+Q/ � GL�!2k< +Q/ 6�#F�H< 6�#D2k[�)gab+Q<B0 +>6 :=+QG h �O:=#&<
? +> $#K'5S� "#Y0 8CSC# :=+ :s)C# ©7:s)1<B+-SX[R) ? #W:*�! $© 2$6�U
:=#5<n�!'W:=2$+>6 � �t6 :s)C# 0B#Y'5+-698 '5+-6��9[�S1<n�O:=2$+-6 �
03#K'5+-6�8 h �O:=#&< h �70 )g%X8�<B+Q[�#D6 aI+-6�8C#Y8 :s+ :=)�#
�9<B0;: h �_:=#5< ? +- $#Y'DSC $#>JTh )�24'*) h �70 2"6 :=SX<B6 2$6
�!6 +>6 :=+!G 0B2A:=# +!/ :=)�# '5+QGCGb#&< 03SX<f/��Q'5# � 	 )�#
03#K'5+-6�8 h �O:=#&< h �!0 aI+-S�6�8 a,% ^ � \   #W¯ 2$6 :=)�#
� �H<u:3<B#Y#�U��9+('sP 'K�! $'DSC ��O:=2$+>6 �

` �



� � �v� � �w	]� � �  l � 	  � U� �� � 	 � 
 ��� 	 
����� 

e % 2$? Gb+>0B2$61[ � �V#D 48 �Q'W<B+-030 :=)�# 0B ��Oa +Q/ :=)�#
8C2A<=#Y'~: 8�%�6V�Q? 24'D0 ? +(8X#Y }+Q/ :=)�# ? #W:*�! �h �O:=#&<
2$6�:s#&<f/��Q'5#-JXh # SC0B#Y8 :=)�# � � ? +�8C#D �:s+ 'K�! $'DS�U
 ��_:s# :=)�# '*)V�O<f[�# +-6 :=)C# ? #W:*�! }�70 � /jS�69'~:=2$+-6
+Q/,:s)C# :s+7:*�! 7Gb+!:=#D6g:=2��7 �81<B+QG �Q'W<B+-030�:=)�# ? +(8X#Y 
2$6�:s#&<f/��Q'5# �!0 0B)C+ih 6 )�#&<B# � �g�]:=)�# `K^>^ 03SX<f/��Q'5#
�!6�8 aI� :=)�# `-`>` 0BS1<3/��!'D# +!/ 'D+!G�GI#5< �

`i�



	 )�# 2"+-6�0 /��H<u:=)�#&< +>S1: 2$6 :=)�# 03+- "S1:=2$+-6 #&@�#Y6�U
:=SV�7 $ A% 0B'W<=#D#D6 :=)�# �V#D 48 � �Î: 2"0 � 
 	 GC<n�Q'~:s2qU
'K�! :=+ 2$69'5 $S�8C# :=)C#Y03# 8C2k<B#Y'W:= A% 2$6 :=)�# 0324? S(U
 ��_:s2"+-6 � � : :�%(G924'F�7 }0B+> $S1:=2$+>6 0;:3<B#Y61[>:=)�0 :=)C#5<B#
�H<B# �Oab+>S1: `Y^-^ h �O:=#&< ? +- $#Y'DSC $#D0 Gb#&< 2$+>6 �!698
h # 6C#Y#Y8 �O<B+-S�6�8 `K^>^ 2"+-6�0 :=+ <B#&G�<B#Y03#D6g: :=)�#
8C+>SXa9 $#  ��K%�#5< � 	 )�# '5SX<f<B#Y6�:  h �7 48 ? #W:=)�+(8X0
0B'F�7 $# �70 � � 0B+ :=)C# 6�#D#K8X#K8 'K�! 4'5S� ��O:=2$+-6 h +>S� 48
ab# �HGCG�<B+F�X24? �_:s#D A% `Y^QÕ :=24? #D0 �!0 #��1GI#Y6C0B2�@g# �� 	 )�# 0324? S� ��O:=2$+-6 ? S�0;: aI# 8C+-6C# ? �!6�% :=24? #D0
/j+Q< 8X2Aym#&<B#Y6�: �T#Y $8 0;:B<B#D6X[Q:s)C0 � �
�9SX<u:=)�#&<=? +Q<B#>J /j+Q< 8C2$ $S�:=# 03+- $S�:=2$+-6C0 �!698 6�+
0uGb#Y'D2A�V' �Q8C03+Q<fGX:s2"+-6.Ji8X2k<B#K'~:�0B2$? S� ��_:=2$+-6 +!/,:=)�#
2$+>6�0�2$0r:=+!:*�! " A% S�6�6C#K'5#D0B0s�H<u%�JFaI#K'K�!SC0B# :=)C# 'D+>6(U
:=2$6�SCS9? � +-S�% � )T�HGV? �!6 ? +(8X#Y Ih +Q<fP�0 @�#5<u%
h #Y " �
	 )�# <=#Y? �72$6�2$61[ GC<=+!aT $#Y? 2"0 :=+ '5+Q<f<B#K'~:= A% '5+-S�U
GT "# :=)�# '5+-6�:s2"6�S�S�? � +>S1% � )V�OGV? �76 :=)�#D+Q<u%
:=+ :=)�# 0324? S� ��O:=2$+-6 +Q/,:s)C# ©>2$6�6C#5<� ��Y%g#&<=© ? #W:*�! 
�!6�8 h �O:=#5< G��O<u:s0 +Q/�:=)�# 0324? SC ��O:=2$+>6 � # 8C248
:=)�2$0 a,% 'K�! 4'5S� ��_:=2$+-6 +!/V:=)C# · ´ ½ ¾Z¶�¹ ½ ¶ Ë ² ½v#D $#K'~:3<B24'�V#D 48 :=+ G�<B+�@1248X# � ab+>S�6�8T�H<u% '5+-698X2A:=2$+-6 /j+!<
:=)�# 'D+>6g:=2$6,S�S9? :=)�#D+Q<u%gJ9�!0 8C#D0='W<B2kab#Y8 6C#~�(: �

`  



	 )�# aI+-S�6�8T�O<f% 'D+>698X2A:=2$+-6 /j+Q<�:s)C# � +>S1% � )V�HG�U
? �76 ? +(8X#Y Q'K�!6 ab# #D0u:=24? �_:=#K8 /�<B+-? :s)C# ? +- "#K'EU
S� ��H<�8(%16V�!? 24'50.0324? S� ��O:=2$+-6 a¤% 'K�! $'DSC ��O:=2$61[ :s)C#
? �!'&<B+-0B'5+QGT2$' #Y "#K'~:3<=2$' �V#D 48 �O:�:=)C# G9 ��!6C# Ö ³ Ö ½�O: h )C24'*) :=)�# ? +�8C#D (ab#&[�2$6C0 :=+ <B#5GC<=#D03#Y6�: :=)�#
0;%10;:s#Y? a,% :=)C# � +-S1%gU;� )V�HGT? �!6 ? +�8C#D �
� 2�@g#D6 :s)C# ? �!'&<B+-0B'5+QGT2$' #D $#Y'W:3<B24' �V#D 48 × Ì Ö Í /j+!<� [R2A@g#D6 '*)V�H<f[R# Ø +-6 :s)C# #D $#K'~:3<B+(8C# �!6�8 �!0ZU
03S9? 2$61[ :=)V�O: 2$6 :=)C# 'D+>6g:=2$6�SCS9? :=)�#D+Q<u% :=)�#
03+- A@�#Y6�: <B#Y0uGb+>698X0  $2"6�#F�H<B A% :=+ :=)C# �T#Y $8rJ h #
)V�Y@g#>JC+>6 :=)�# #Y "#K'~:3<=+> A%�:=# 03248C# +Q/ Ö ½ :=)T�O:

ÅÅ Ö5Ù Ì
Ö Í × Ì Ö Í�³ ���F� Ì Ö Í

h )�#&<B# � 2$0 :=)C# 2$+-6C24' '*)V�H<f[R# 8C#D6�032A:�% 2$6 :=)�#
#D $#K'~:3<B+- A%,:s# �!698 h # )V�Y@g# �7 $ $+�h #Y8 /j+Q<m:=)�# Gb+>0�U
032kaT2$ "2A:�% :s)T�O: :=)�#  "+('K�! V8C2"#Y $#Y'~:B<B24' 'D+>6�0;:*�!6g: +!/
:=)�# 03+- �@g#D6g: 2$0 8X2Aym#&<=#D6g: /�<B+R? :s)C# a9S� kP +-6C#-J
aTS�: )T�K@g# �!0303S9? #Y8 �  $+('K�! <B#D0fGI+-6�03# /jSC69'EU
:=2$+-6 �

# �!0303S9? # :=)V�_: �! $ +Q/ :=)C# 2"+-6�2$' '*)V�O<3[R# 2$0
+-6 :=)�# #Y $#Y'~:B<B+> A%�:=# 03248C# +Q/ Ö ½

`Y�



	 )�# :=+7:E�7 2$+-6C24' '*)V�O<f[�# ? S�0;: #��T�!'W:= A% a��7 ÚU
�!6�'D# :s)C# 'E)T�H<f[�# Ø +-6 :=)�# #D $#K'~:3<B+(8C# [�2A@�2$6X[� 0B2"69'5# × ÌÚÛ Íi³ Ü �

Á Ù Ì Ö ½ Í × Ì Ö ½ Íª³ Áª����Ø
�À/ZJ��!0 h 2$ $ �S�03SV�7 $ A% aI# :=)�# 'K�!03#-JL:=)�# × Ì Ö ½ Í 0B+8C#W:=#5<=? 2"6�#Y8 2$0 6�+7: # ¬ SV�7 �:=+ �Z�FØª� Ù®Ý®Þ »q� h )C#5<B#
Ù Ý¡Þ »ß� 2$0 :=)�# aTSC kP 8X2$#Y "#K'~:3<=2$' '5+-6C0u:*�76g: +!/ :=)�#
03+- A@�#Y6�: J1:=)�#D6 h # 'K�!6C6�+7: 0B24? S� A:*�!6C#Y+>S�03 A%

` � S�03# × Ì Ö ½ Í �70 � ab+>S�6�8T�H<u% '5+-6�8C2A:=2$+>6.J
c � <B#&:*�72$6 '*)V�O<f[�# 6�#DS1:3<n�! "2A:�% +!/ :=)�# 2$6g:=#&<f/��Q'5#-J

�!6�8
\ � S�03# :=)�# � +-S1% � )V�OGV? �76 :s)C#Y+!<u% 2$6 2�:s0}SC0BST�! 

/j+Q<=? h 2A:=) � 'D+>6�0;:E�76g: @Q�! $SC# +!/ Ù

c!^



� #5<B# h # �!8C+!GC:=#K8 � 0324? G9 $# #~�(:=#Y6C0B2$+>6 +!/.:=)�#
� +>S1% � )V�OGV? �76 ? +(8X#Y 2$6 h )�24'*) Ù @Q�H<B2$#D0
0B? +�+7:s)C A% h 2A:=) � /�<B+R? :=)�# 0324? SC ��O:=2$+>6 8C#�U
:=#5<=? 2"6�#Y8 @Q�! "S�# Ù Ì Ö ½ Í¤³ �Z�FØª��× Ì Ö ½ Í :=+ :s)C# a9S� kP
@Q�! $SC# /��O< /�<=+-? :=)C# #D $#Y'W:3<B+(8X#-l

Ù Ì Ö Íi³ Ù Ì Ö ½ Í º Ì Ù Ý¡Þ »ß� Á Ù Ì Ö ½ Í�Í Ì4à Á��
Á Ì Ö=ÁOÖ ½ ÍÖ ¶ Í

� #5<B# Ù Ì Ö ½ Íª³ ����Øi��× Ì Ö ½ Í 2$0 8C#W:s#&<=? 2$6C#K8 /�<B+-? :=)�#
0324? S� ��O:=2$+-6 a,% #&@Q�! "SV�O:=2$61[ :=)�# ? �Q'W<B+-0B'D+!GT24'
#D $#K'~:3<B24' �V#D 48 �O: Ö ½ �

c1`



	 )�# <B#Y03S� �:s2"6X[ ? +(8C#D ,8C#&Gb#D698C#Y8 +>6� A% h #F�HP( A%
+-6 :=)�# 8C#Y'F�Y%  $#D6X[Q:=).J7h )C24'E) h �!0�:*�HP�#D6 :s+ ab#
Ö ¶ ³ á ¥â �

2A:=) :s)C2$0./j+Q<=? /j+Q< Ù Ì Ö Í h # 6,S9? #&<B24'K�! $ A% 03+- �@g#Y8
:=)�# � +>2$0B03+-6�U e +> A:3��? �76�6 # ¬ ST�O:=2$+-6 /j+Q< Öbã Ö ½

Á ÅÅ Ö&Ù Ì
Ö Í Å3äDåbæÅ Ö ³ ���F� Ì Ö Í Ì4à Í

h )�#&<B# äDåbæ 2$0 :=)�# :=+!:*�7 �#D $#Y'W:3<B+-0;:*�O:=24' GI+!:=#Y6�U
:=2��! 2"6 :=)�# '5+-6�:=2$6�SCS9? ? +(8C#D +>6 :=)�# #Y $#Y'EU
:3<B+- A%,:s# 03248C# +Q/ Ö ½ h 2A:=) :s)C# '*)V�O<f[�# 8C#D6�032�:�%

� Ì Ö Í_³ � ¿ ¶uç§¶ ¹ ² ¿ªè Ìêé ç§¶ ä åbæ Ì Ö Í�Í
	 )�2$0 %12$#D 48C#Y8 :=)�# 6�#W: GI+!:=#Y6�:=2��! 8�<=+!G /�<B+R?
2$6C0B248X# :=)�# #D $#Y'W:3<B+(8X# :=+ :=)�# a9S� kP +Q/ :=)�# 0B+OU
 $S�:s2"+-6 �70
ä ³ Ì äYë { Ì ÖTì Á Û Í Á äYë { Ì Ö ³ Ö ½ Í�Í º Ì ä åbæ Ì Ö ³ Ö ½ Í Á ä åbæ Ì ÖTì Û Í�Í

Ì � Í
ä ë { Ì Ö Í 2$0 :=)C# #Y "#K'~:3<=+>0u:*�_:s2$' GI+!:=#Y6�:=2��! +Qa�U

:*�!2$6C#K8 /�<B+R? :s)C# 0324? SC ��O:=2$+>6
Ö ì Á Û 2$0 <B#&GT ��!'D#Y8 a¤% � GI+-2$6�: 2"6�03248C# :=)�#

? +�8C#D .? #W:*�! m0B ��Oa
c>c



0.00í 10.00 20.00 30.00 40.00
distance (A)î−0.25

−0.15

−0.05

0.05

0.15

face−100: high field

electronic densityï
potential/10. (volts)ð
macroscopic fieldñ

¯ �! "S�#D0�+Q/1:=)�# 'K�! $'DSC ��O:=#Y8 ? �Q'W<B+-0B'D+!GT24' �T#Y 48
/j+Q< +-6�# �T#Y 48 0u:3<B#D6X[>:=) /j+Q< :=)C# `Y^-^ /��Q'5# +!/
'5+QG�GI#5< �
	 )�# �V#D 48 6�#F�H<�:=)�# 2$6�:s#&<f/��Q'5# 2$0 +Q/®:=#D6 'K�! $'DS�U
 ��_:s#Y8 :=+ ab# » ¶¸ò � ¾ :=)V�76 2$6 :=)�# aTSC kP h �O:=#5<KJ
'5+-6g:3<n�H<u% :=+ '5 ��70B0324'K�! .? +(8C#D $0 �

c!\



0.0 10.0í 20.0í 30.0í
distance (A)î−0.3

−0.2

−0.1

0.0

0.1

0.2
face−111: high field

macroscopic field
potential/10. (volts)
electronic density

¯ �! "S�#D0�+Q/1:=)�# 'K�! $'DSC ��O:=#Y8 ? �Q'W<B+-0B'D+!GT24' �T#Y 48
/j+Q< +-6�# �T#Y 48 0u:3<B#D6X[>:=) /j+Q< :=)C# `>`-` /��Q'5# +!/
'5+QG�GI#5< �

c_N



� �! 4'5S� ��O:=#K8 �7698 #~��Gb#&<=2$? #Y6�:*�! !8C2�ym#5<B#D6g:=2��7 -'K�ªU
G��!'D2�:E�769'5# /j+Q< :=)�# `>`-` 03SX<f/��Q'5# +!/ '5+QGCGb#&< �
	 )�# <B#5GI+Q<u:=#K8 Gb+7:s#D6g:=2��7 +Q/ �F#&<B+ '*)V�O<f[�# 2$0 U
^ � N�M ¯ �>���  /j+!< :=)�2$0 0BS1<f/��Q'5# �

c>M



 �� � 	 � 
 � 	 � � � ���  �
� �9+Q< ¶ Þ µ � ¾]¹tè �¸»d»>#D $#Y'W:3<B+-6 :3<n�!6�0u/j#&< <B#F�Q'~:=2$+-6C0KJ
:=)�# G�<B+Qa9 $#Y? 2$0 ? �!2$6C A% � 0u:*�_:s2"0u:=24'K�! �? #~U
'*)V�76�24'K�! +>6�# 2$6 :=)�# '5 ��!030B2$'F�7 8C+-? �!2"6 +!/
'K�! 4'5S� ��O:=2$6X[ � /�<B#D# #D6�#&<f[>% a��O<3<B2$#&< )�#D2k[�)�:
2$6�@g+> A@12$61[ #D2A:=)�#&< 03+- �@g#D6g: <B#��O<3<n�76X[�#Y? #D6g:
+!< �OG�G�<B+��Q'*) +Q/ :=)C# 2$+>6 2$6g@�+- A@�#K8 2$6 :=)�#
:3<n�!6C0f/j#&< :=+ :=)�# #D $#K'~:3<B+(8C# 03SX<f/��Q'5# �

� # )V�Y@g# 0u:=S98X2$#Y8 :s+ 0BS�'E) <=#F�Q'~:=2$+-6C0 �9# � º
ì �9#Yó º ô # �_: � [R+- 48 #Y $#Y'~:B<B+�8C# �7698 � S º
ì � S � º ô # �O: � '5+QGCGb#&< #D $#Y'W:3<B+(8X# 2$6
� '5+- $ ��Oab+!<*�_:=2A@g# GC<=+![-<n�Q? h 2A:=) � <3[R+-6C6�#
� �O:=2$+>6V�7 }���Oab+!<*�_:=+Q<u% �

c �



� +ih 0B'K�! $#D0��H<B# '5+-S1GT $#Y8 2$6 :=)C# #D $#Y'W:3<B+-6 :3<n�!6C0�U
/j#&< G�<B+Qa9 $#K? £
� �t6 <B#K8XS9'52$6X[ :=)�# GC<=+!aT $#Y? :=+ :s)C# 'F�7 4'5S� ��iU
:=2$+-6 +Q/ � a��O<f<=2"#5< )C#Y2k[R)g:FJI+-6C# 2$ $ $SC0u:3<n�O:=#D0 �
h �K% +!/ '5+-SXG9 $2$61[ :=24? # 0='K�! $#D0 �!'Y'5#Y03032kaT $# :=+
? +> $#K'5S� ��H< 8�%�6V�!? 24'50 � SXG :s+ 6V�!6C+-03#K'5+-6�8C0E�
:=+ <=#F�Q'~:=2$+-6 :=24? #Y0 h )C24'E) 'K�!6 ab# � ? 2$ $ "2$+-6
:=24? #D0 0B "+ih #5< � 	 )C2$0 h +Q<fP(0 aI#Y0;: h )�#D6 :=)�#
<B#��!'W:=2$+>6 GL�O:=) 'F�76 ab# 8X#&�T6�2A:=2A@�#Y �% 8X#&:=#&<�U
? 2$6C#K8 � �!6�8 +-6C# GL�O:=) 2"0 8X+R? 2$6T�!6�:W� �

� 2A:=) <=#&[,�O<=8 :=+  $#D6X[Q:s) 0B'F�7 $#Y0YJ�2$6 :s)C2$0.G�<B+Qa�U
 $#Y? h # 'D+>SXG9 $# ´ Ý ² ¿ ² µ ² ¶ �Q'D'D#D0B032ka9 $# 0='K�! $#D0� 'D "S�0;:s#&<B0�� :s+ ? +> $#Y'DSC ��H< 8�%�6V�Q? 24'D0 0='K�! $#D0
a,% �C:f:s2"6X[ /j+Q<='D# �V#D 48 Gb+!:=#D6g:=2��7 $0 :=+ <=#D03S� A:=0
+Q/V�9<B0;: G�<B2$6�'D2AGT $#D0 #D $#Y'W:3<B+-6C24' 0;:3<=S�'W:=S1<=# 'K�! qU
'5S� ��_:s2"+-6�0 � � � � S1<u:s2"0B0E� � 	 h + '5+R? G9 $24'K�ªU
:=2$+-6C0 �O<B+-03#-l

cR�



� 	 )�# #D6�#&<f[�2$#D0.+Q/�? S� �:s2�@>�7 $#Y6�:�2"+-6�0}03SX<f<B+-SC698C#Y8
a,% h �O:=#5<�:=SX<B6 +>S1: 6�+7: :=+ ab# <B#&G�<B#Y03#D6g:*�Ha9 $#
a,% 0BS�? 0 +Q/ :�h + ab+(8(% /j+Q<='5# �V#D 48 GI+!:=#Y6�U
:=2��! "0]2k/C:=)C#  ��O:f:=#&< �H<B# 8X#5<B2A@�#K8 8X2k<B#K'~:= A% /�<B+R?
:=)�# ��<B0u:�G�<B2$69'52kG9 $#Y0 'K�! $'DSC ��O:=2$+>6�0]+>6 +-6�# 2$+-6
2$6�:s#&<n�Q'~:=2$6X[ h 2A:=) +-6C# h �_:s#&< ? +> $#K'5S� "# �!698
G��72k<B0 +!/�h �O:=#&< ? +- "#K'5S� $#D0 �

� # 6�#D#K8 /j+Q<='5# �T#Y $8C0�/j+!<}ab+!:=) <B#F�Q'~:*�!6g:��!698
G�<B+�8CS9'~: 0fGI#K'52$#D0 2"6 :=)�# <=#F�Q'~:=2$+-6 �

c  



��
 � � � � 	 �  � 	 �  � 	 
 � 	 �   �� � U
	 � 
 � 	 � � � �(�  � � � 
 e �� �
� e �70B2$' 2$8C#F�!0 �H<B# 8CS�# :=+ � S�8�% � �H<='5S�0 �
� �t6 ab+7:s) )�+-? +Q[R#Y6C#Y+>S�0 �!6�8 )C#&:=#&<B+Q[�#D6�#D+-SC0
#D $#K'~:3<B+-6 :3<*�76�0u/j#5<KJ>:=)�# <n�O:=#  $24? 2�:s2"6X[ 0;:=#5G 2$0
:=)�# <=#F�H<f<n�!61[�#Y? #D6g: +!/ :=)C# �O:=+R? 0 03+ :=)V�_:
:=)�# 2"6g:=2��! �7698 �V6T�! #Y "#K'~:3<=+>6�24' 0u:*�_:s# �H<B#
8C#&[�#D6�#&<n�O:=# �!698 #D $#Y'W:3<B+-6 :3<n�!6C0f/j#&< 'F�76 +('EU
'5SX< �

� � �O<s'5S�0.? �Q8X# 'D ��!030B24'K�! !#D $#Y'W:3<B+(8(%16V�!? 24' ? +(8,U
#D $0 +Q/L:s)C# #Y6C#5<f[Q% �70B03+('52��_:s#Y8 h 2A:=) :=)C# õTS9'EU
:=SV�_:s2"+-6�0�2"6 :=)�# /�<B#D# #D6�#&<3[Q% �!030B+�'D2��_:=#K8 h 2A:=)
:=)�# �O:=+-? 24' ? +!:=2$+-6C0 h )�24'*) h +!<3PR#K8 ¬ S�2A:=#h #Y " �+i@g#&< ? �!6�% 0;%10;:s#Y? 0 �!6�8 )V�Q8 �OG�GI#��7 ÚU
2$61[ [�#D6�#&<n�! v/j#��_:sS1<B#Y0 �

� 	 )�#D0B# ? +(8X#Y $0  ��Q'sP ? 24'W<B+-0B'D+!GT24' G�<B#K8X24'~:s2�@g#
Gb+�h #5< �

c!�



� #F�!03SX<B#Y8 #���'*)V�76X[�# '5SX<f<B#D6g:]8C#D6�032A:�% +!/�:=)�#
æ Þ ºIº º � Á ³ æ Þ º <B#��!'W:=2$+>6 � � 2k<='5 $#D0KlmGI#5<='*)� $+!<B24'*¢
�Q'5248g¢,a��70B#Y8 03+- $S�:=2$+-6C0K£ 0 ¬ ST�H<B#D0Kl 	 � � �,� ¢
a��70B#Y8 03+- "S1:=2$+-6C0 �

\>^



� <f<=)C#Y6C2$S�0 GT "+!: /j+Q< :=)�# æ Þ ºIº º � Á ³ æ Þ º <B#�U
�Q'~:=2$+-6 � � 2k<='D $#D0Yl GI#5<='*)� $+!<=2$'*¢1�Q'5248¤¢¤a��!03#Y8 0B+OU
 $S�:s2"+-6�0Y£90 ¬ SV�O<B#Y0Yl 	 � � �,� U¸a��!03#Y8 0B+> $S1:=2$+>6�0

\C`



� �� 
 � 	 �  � 
 �  � 	 
 � � � � � �}� 	 
	 �  � � 	 
� 2��Oa��_:s2$' ��24? 2�:

¾Z´�µ � ³ � �ö è ÷mø®ù ÌAú ÃIûjÍ ø �Tü Ì Ê*² Ì�ú ÃIûýÍ Á ÊWþ Ì�ú ÃIûjÍ�Í ã ² Ì ó Í

¾Z´�µ � ³ Å Ö3ÿ Ì Ö Í æ ² Ì Ö Í Ì � Í

ÿ Ì Ö Íi³ � �ö è ø®ù Ì Ö Í ø � ÷ ü Ì Ê*² ÌAú ÃIûjÍ Á Ê þ ÌAú ÃbûýÍ ã ²®Ç Ö Ì á;Í

\Rc



æ ² Ì Ö Íi³ Ä Å�� � Á é Ê*²
Ä Å Ã �

Á é Ê*² Ì�� Í
ÿ �À½ ³ Å Ö3ÿ Ì Ö Í æ��² Ì Ö Í Ì�� Í
æ��² Ì Ö Íi³ 	�
�� ì Û  æ Ì Ö Í

ÿ �À½ ³ � �ö è � � � Å Ö ø®ù Ì Ö Í ø � �
Á é ±_²®Ç Ö Ì�� × ³�Ü;Í æ � Ì Ö Í Ì Õ Í

2$6 h )C24'E)

±_²®Ç Ö Ì�� × Íi³ Á7�f�r� 	�� ��� �u�r� Ä Å�� � Á é Ê*² ü Ì�� × Á Ê*² º Ê þ Í
Ä Å�� � Á é Ê*²

����
Ì�� Í�

6�+�h h <=2�:s#

æ��² Ì Ö Íi³ Ä,Å�� � Å Ö � � Á é Ê*² ÌAú � � û Ç Ö � Í ü Ì Ö(Á�Ö � Í
Ä,Å�� � Å Ö � � Á é Ê*² ÌAú � � û Ç Ö � Í ü Ì Ö Ý®Þ »q� Á}Ö � Í�� �

Á é ± Ö Ì Ö Í
Ì�à ÜuÍ\>\



[�2�@12$61[

ÿ �À½ ³ � �ö è �f�r� Å Ö ø¡ù Ì Ö Í ø � �
Á é ±_² Ì�� × ³�Ü Ç Ö Í Ì�àZà Í

±_² Ì�� × Ç Ö Í � ±_²®Ç Ö Ì�� × Í º ± Ö Ì Ö Í Ì�à � Í
<B#��O<f<*�76X[R#K? #D6g: �OG�G�<B+��Q'*)

\HN



� �! 4'5S� ��O:=2$+-6 +!/(� G�GC<B+g�Q'*) � 'W:=2A@Q�O:=2$+>6  6�#&<f[>%ml

� ± Ö� Ö ³ Á!�u�.� �� Ö 	�� ��� Ä Å�� � Å Ö � � Á é Ê*² Ì�ú � � û Ç Ö � Í ü Ì Ö�Á�Ö � Í
Ä�Å�� � Å Ö � � Á é Ê*² Ì�ú � � û Ç Ö � Í ü Ì Ö Ý¡Þ »ß� Á}Ö � Í

���� ³
Ì�à ó Í

Á!�u�r� Ä,Å�� � Å Ö � � Á é Ê*² ÌAú � � û Ç Ö � Í �� Ö ü Ì Ö�Á}Ö � Í
Ä,Å�� � � Á é Ê ² Ì�ú � � û Ç Ö � Í

� ± Ö� Ö ³ Á!�u�.� Ä Å�� � Å Ö � � Á é Ê*² ÌAú � � û Ç Ö � Í ü Ì Ö(Á�Ö � Í Ì Á é � Ê*²� Ö � Í
Ä Å�� � � Á é Ê*² ÌAú � � û Ç Ö � Í ³ ÷

� Ê*²� Ö ã ²®Ç Ö
Ì�à � Í

\RM



� �! 4'5S� ��O:=2$+-6 +Q/ � #F�H<f<n�!6X[R#K? #Y6�: � '~:=2A@>�_:=2$+-6
 6C#5<f[Q%

±_²®Ç Ö Ì�� × Íi³ Á7�f�r� 	�� ��� � � � Ä�Å�� � Á é Ê*² ü Ì�� × Á Ê*² º ÊWþOÍ
Ä�Å�� � Á é Ê*²

� ��
Ì�à á;Í�

\ �



� 8C2��Oa��_:s2$' ��24? 2A:

Ê ³ �� Ê*² ùù Ê þ �! " Ì�à#� Í
± Á Ç Ö Ì�� × Íi³ Á!� � � 	�� � � � ÷ ü Ì�� × Á Ê Á º Ê º Í ã Á Ç Ö

Ì�à$� Í� × � ³ Ê Á Á Ê º Á � ù Ì Ö Í� ? a�<B#D $ �� 0s�Q? G9 $2$61[ :s#Y'*)�6�2 ¬ S�#D0��H<B# 8X2$0='5S�0303#K8
2$6 :=)C# <B#&/j#5<B#D69'5#Y0 �

\g�



� 
 �� � � ��� � � � � � � ��� � � 
 �  �
� � #Y6�:3<*�7 H/j+Q<='D# ? +(8X#Y H/j+Q<m:=)�# h �O:=#5< � x � 	]+-S1PQ�76
�!6�8 � � � �7)9? �76.J}� )�%10 � � #&@ � e \C`>J�c � N¤\� `K�   M��f�

�9+Q< '5+QGCGb#&<FJ�h # ��: 0B+-? # '*)V�O<*�!'W:=#&<B2$0u:=24'50 +!/
�!6 �7 4? +>0u: �Oa 2$6�2A:=2$+ 8X#Y6C0B2�:�% /jSC69'~:=2$+-6T�! �:=)�#�U
+Q<u% ? +(8X#Y +Q/ :=)�# '5+QG�GI#5< h �O:=#&< 2$6�:s#&<f/��Q'5#� � � �! kaC<*�76.J ��� � � �! $ "#&%�J�� � � �H�D�F+> $+ �!698
� � � � � <B24'5# ��� � )C#K? � � )�%10 � �7698 ��� � )�#Y? �
� )�%10 � `K^Rc1J �-� ^-\ � `Y�-��MR�f��JV8X#Y0B'&<B2kaI#K8 �HaI+i@�# �

# :s+,+QP GL�H<u:=2��! �!'Y'5+-SC6g: +Q/ :=)�# ©!:=)X<B+-S1[�)
? #W:*�! $© 2"6g:=#5<n�!'W:=2$+>6 a,% S�03# +Q/1� '5 ��70B0324'K�! H:s)1<B#Y#�U
ab+�8�% GI+!:=#D6g:=2��! 

% Ì °¾ à Ç °¾ � Íi³ æ � Á ¾ �& � Ì ¾ ¶ � � Í �(' � ÁOÖ à ��Ö Ü º � ÁHÖ � ��Ö Ü*) Ì�à Õ Í
# S�03#Y8 æ ³ " Ü�Ü à � � �.¥â J ¾ Ü ³ à Ü " Ü ¥â JCÖ Ü ³ à " Ü ¥â �

\  



0

0.5

1

1.5

2

2.5

3

0 2 4 6 8 10
x [Angstroms], zero=image plane

Oxygen density relative to bulk

classical with multibody force
plane-wave LDA

� #D6�032A:�% +Q/�+F�(%([�#D6 �70 � /jS�6�'W:=2$+>6 +Q/I8C2$0;:*�!69'5#
� /�<B+R? :s)C# #Y "#K'~:3<=+�8C# 2"6 :=)C# ? +(8X#Y �J '5+R? U
G��O<B#K8 h 2A:=) <B#D0BSC A:=0r/�<B+R? :=)�# ab#W:f:=#5<KJ7� � ? +(8C#D 
8C#D0B'&<B2kaI#K8 �Oab+�@g# �

\>�



-0.03

-0.025

-0.02

-0.015

-0.01

-0.005

0

0.005

0.01

1 2 3 4 5 6 7

V(
r) 

[e
**

2/
A]+

r [A]

Short range Cu+1 and Cu+2 potentials

V1(x)
V2(x)

� +QGCGb#&<;Uw+K��%�[�#D6 G��!2A<�Gb+!:=#D6g:=2��7 $0 � 2$6 � � �r¥â �IS�03#Y82$6 0B24? S� ��_:s2"+-6 �!0 � /jSC69'~:=2$+-6 +Q/ <n�Q8X2��! �0B#&G��iU
<n�O:=2$+>6 < 2"6 ¥â � �C<=+-? � �H<u:3<=#D#�U��T+�'nP � ¬ SV�!6�U:=S9? '*)�#Y? 24'K�! ®� 'K�! 4'5S� ��_:=2$+-6C0 a,% � � � S1<f:=2$030 �
	 )�# 'D+>S� $+-? a 2$6�:s#&<n�Q'~:=2$+-6 ç æ Þ ç#, � ¾ 2$0 6�+!: 2$6�U
'5 $S98X#K8 �

Ng^



��+> A@Q�O:=2$+-6  6�#&<f[�2$#D0 +Q/ :=)�# �t+>6�0 � 	 )�#D0B# )V�Q8
:=+ aI# <B2k[R)g: :=+ [R#&: ¬ ST�!6�:s2��O:=2A@g# <B#D0BSC A:=0 /j+!<
#D $#K'~:3<B+-6 :B<n�76�0u/j#5< #D6�#&<f[>% a��H<f<B2$#&<B0 � l

��24? SC ��O:=2$+>6  ��Gb#&<=2$? #Y6�:� P � �H? +> ®� � P � �H? +- ®�
× ¹À¶ ».- ´�µ ² ¶¸¿ J�� S º à M   ^ / �7^ M�� �× ¹À¶ ».- ´�µ ² ¶¸¿ J�� S º � cQ^   M / �H^ cX`Y^�M
� × `�MQ^RM / �H^ `�M>cQ�
� ± `&N   M / �H^ `&N   `

NV`



 0 � ����� e � ��� � � 
 	  � 	 �t� �
	 )�# # ¬ SC2$ $2kaC<=2"S9? 2$0��Q'*)�2$#W@g#Y8 h )�#D6 :=)�# '5+-6�U

'5#Y6�:B<n�_:s2"+-6�0 +Q/V:s)C# � S º à J�� S º � �H<B# [R2A@g#D6 a,%1 æ Þ º �321 æ Þ º à 2 ³ � Á é4� ± Ì�à#� Í
	 )�# '5+R? Gb+-6C#Y6�:=0 +Q/V:=)�# /�<B#Y# #Y6C#5<f[Q% 8X2Aym#&<�U

#D69'5# � ± �H<B#
� ± ³ 5 Á � ± ¹¸¶ »6- Á � ä Ø 7 � , Á98

N,c



� G�GC<=+K�C24? �O:=# @>�7 $S�#D0Yl
� +-6�:B<B2ka9S1:=2$+>6�0�:=+ :=)�# /�<B#D# #D6�#&<f[>% 8C2�ym#5<B#D69'5# �
�g%1? ab+> � #��76�2$61[ �,+-S1<s'5# 	 %(G � ¯ �7 $S�#
� �t+-6�2A�ª�_:s2"+-6  �1G cQ^ � \ #&¯

#Y6C#5<f[>%
� ± ¹¸¶ ».- ��+- �@>�_:s2"+-6 �,24? `�M � N #&¯

8C2Aym#&<B#Y6�'D#
� ä Ø 7 � ,   $#Y'W:3<B+HU �,24? ^ � \ #W¯

0u:*�O:=24' 8�<=+!G8 +Q<fP  �1G N � � #W¯
/jS�69'~:=2$+-6

� �! 4'5S� ��O:=2$+-6 h 2A:=)�2"6 :=)�# � � ? +�8C#D Ch 2A:=) 2$6�U
'5 $S�032$+-6 +!/ a9S1ym#&<B2$6X[ #D $#Y'W:3<B+- �%�:=# � :3<B#��_:s#Y8 2$6
� � :=)�#D+Q<u%T� [�2A@�#Y0Yl
 ¬ S�2$ "2ka�<B2$S�? GI+!:=#D6g:=2��! ? 2$6,S�0 � p.� : ^ � c-M

¯ � � � ? +�8C#D ®�
 ¬ S�2$ "2ka�<B2$S�? Gb+7:=#Y6�:s2��! �? 2"6�S�0 � p.� : ^ � M�U

^ �   ¯ �  �1GI#5<B24? #Y6�:W�

Ng\



� #5<B# h # h #&<B# 'D+>SXGT "2$6X[ :=)C# � � :s+ :=)�#
� 
 � 	 ��� � � � � +>S1% � )V�OGV? �76 ? +(8X#Y §JQS�0ZU
2$61[ ? #&:=)�+�8C0� $2AP�# :=)�+>0B# 8X2$0='5S�0303#K8 �HaI+i@g# h )C#Y6
h # 8C2$0B'DSC0B03#Y8 'F�OG��!'D2A:*�769'5# �

N>N




 �  � 
 �  ��� � � 	 � � 
 � � ��� � 
 �C� 
 � ���
� � � � � �}� 	 
 � l>	 �  � 
 � � ����� � � 
 � U
�(	]� � 	

;<;�;<;�;<;�;<;�;<;�;<;�;<;�;<;�;<;�;<;�;<;�;<;�;<;�;<;�;<;�;<;�;<;;<;�;<;�;<;�;<;�;<;�;<;�;<;�;<;�;<;�;<;�;<;�;<;�;<;�;<;�;<;�;<;�;<;;<;�;<;�;<;�;<;�;<;�;<;�;<;�;<;�;<;�;<;�;<;�;<;�;<;�;<;�;<;�;<;�;<;;<;�;<;�;<;�;<;�;<;�;<;�;<;�;<;�;<;�;<;�;<;�;<;�;<;�;<;�;<;�;<;�;<;;<;�;<;�;<;�;<;�;<;�;<;�;<;�;<;�;<;�;<;�;<;�;<;�;<;�;<;�;<;�;<;�;<;;<;�;<;�;<;�;<;�;<;�;<;�;<;�;<;�;<;�;<;�;<;�;<;�;<;�;<;�;<;�;<;�;<;;<;�;<;�;<;�;<;�;<;�;<;�;<;�;<;�;<;�;<;�;<;�;<;�;<;�;<;�;<;�;<;�;<;;<;�;<;�;<;�;<;�;<;�;<;�;<;�;<;�;<;�;<;�;<;�;<;�;<;�;<;�;<;�;<;�;<;;<;�;<;�;<;�;<;�;<;�;<;�;<;�;<;�;<;�;<;�;<;�;<;�;<;�;<;�;<;�;<;�;<;

	 )�# «3�HGb#��C© �OG�GC<=+��Q'*) +Q/g:s)C# )g%X8�<n�O:=#K8 '5+QG�U
Gb#&< 2$+>6 :=+ :=)�# '5+QG�GI#5< 0BS1<3/��!'D# S�03#K8 :=+ 'K�! qU
'5S� ��_:s# :=)�# #D $#K'~:3<B+-6�2$' ? �O:3<B2Ú� #Y $#Y? #D6g: �

N,M



=?>

=@>A>

=?>B>A>

C CEDFC G GEDFC H HEDFC I IEDFC J

KMLONQPSR�TVU LXW

Y[Z]\_^a`O\*^cbedf

g
g g

g
g

ù à � �!0 � /jS�6�'W:=2$+>6 +!/T8X2$0;:E�769'5# +Q/C:=)C# '5+QGCGb#&<
2$+>6 /�<B+R? :=)�# 'D+!G�Gb#&< 0BS1<f/��Q'5# �

N �



�  ��� ��	 �
Cu+1

Cu+2

-5

0

5
4

5
6

7
8

9

-1.5

-1

-0.5

0

0.5

1

1.5

delta E [eV]
z [A]

F [eV]

� 2��Oa��_:s2$' ��<B#D#  6C#5<f[>% �,SX<f/��Q'5#D0r/j+Q<�:=)C# � S1G�<B+-SC0
�!6�8 � SXGC<B24' �t+>6�0 �

N(�



Cu+1

Cu+2

-5

0

5

4
5

6
7

8
9

-1.5

-1

-0.5

0

0.5

1

1.5

delta E [eV]
z [A]

F [eV]

� 8C2��Oa��_:s2$' ��<B#D#  6C#5<f[>% �,SX<f/��Q'5#Y0m/j+Q<r:=)�# � S1G�<B+-SC0
�!6�8 � SXGC<B24' �t+>6�0

N  



� #D0BSC A:=0r/j+Q<m:s)C# P�2$6C#&:=24' aL�H<f<B2$#5<r/j+Q<�:=)C# '5SXGC<B+-S�0ZU
'5SXG�<B24' #D $#K'~:3<B+-6 :B<n�76�0u/j#5< <B#F�Q'~:s2"+-6 �
	 )�#D+Q<u% ¯ �! $SC#Y0� #&¯ / ^ � ` #&¯ � � P � �H? +- h/ `Y^ P � �H? +> ®�
� 2��Oa��_:s2$' ` � \>^ `�c>M
� 8C2��Oa��_:s2$'>J ^ � Ng\ NL`
J4`50u: ù� 8C2��Oa��_:s2$'>J ^ � `i� ` �JLcH698 ù

 ��Gb#&<B24? #D6g: \�ci/ M

Ng�



	 � � � ���  � � 
  � � ��� �� � 	
� �! 4'5S� ��O:=2$+-6T�! - 0;:=24? �O:=#D0�+!/,:=)�# 	�<n�76�0u/j#5<]� +OU
#Mj '52$#Y6�:
Ø ± ´ ½ µ ü ± ´ ½ µ ü 8 é�lk � �H'D? � � � #W¯ � � #&¯ � � #W¯ �
^ � ^ � \¤� ^ � ^ � ^ � c-M ^ � cON
M � ^ � N¤\
� � ^ � M   ^ � `FM ^ �   ` ^ � `K�
 ��Gb#&<B24? #D6g:*�! é ^ � MQ�4/-^ � M

M!^



man�oo
o�mo�mhm
o�mhmhmo�mhmhmhmo�mhmhmhmhm

man�o�p manFq manFqhp manFr mansrhp manut manStAp

vxwFy{z}|h~�y��.�

���6�X�6wF�����

���A� ���

��

� ���A�������������A� �

� ���� �
� +R? GL�H<B2$03+-6 +Q/L#��1GI#5<B24? #D6g:*�7 �#���'*)V�!61[�# 'DS1<�U
<B#Y6�:=0�h 2�:s) :3<n�!6C0B2A:=2$+>6 0;:*�O:=# :=)�#D+Q<u% �!0�� /jSC69'EU
:=2$+-6 +!/C�Q'~:=2A@Q�O:=2$+-6 #D6�#&<f[>% � 	 )�# @�#5<u:=24'K�! !03248C#D0
+Q/�:=)�# SXGCGb#&<]ab+K� 'D+!<f<=#D0uGb+-6�8 :=+ :=)�# :�h + @Q�! qU
S�#D0 +!/ �Q'~:=2A@>�_:=2$+-6 #Y6C#5<f[>% 'F�7 4'5S� ��_:s#Y8 � 2$6�8C#�U
Gb#D698X#Y6�: +!/ :3<*�76�032A:=2$+-6 0u:*�_:s# :=)�#D+Q<u%T� 2"6 :=)�#
? +�8C#D h 2A:=) :�h + '*)�+-2$'D#D0 /j+Q< :s)C# /jS�69'~:=2$+-6
ù à � Ì Ö Í � 	 )C# :=+QG �!6�8 ab+7:3:=+-? 03248C#D0 +!/ :=)�2$0
SXGCGb#&< aI+F� '5+Q<f<B#Y0uGb+>698 :=+ :�h + '*)�+>24'5#Y0 +Q/ · ¾2$6 	 ��� � � )�#  $+ih #&< aI+F� 03)�+ih 0 :s)C# <n�!61[�#
:=+ h )�24'*) :=)�# #��1GI#5<B24? #D6g:*�7 b'DS1<f<=#D6g: �!6�8 �Q'EU
:=2A@Q�O:=2$+-6 #Y6C#5<f[Q% �O<=# '5+-6��V6�#Y8 �

M1`



  ¡ ¢   £(¤ ��¥¦¡ ¢ �
§ ¨ ©Vª¬«®°¯ ©4± ²´³µ«®¯�« ¶°·�²´«¹¸�±»º4¼½«¾¯ ¸¿«ÁÀÃÂµ¶�¸¿« ÀÃÂ ºÄ·VÅ²´¶?²�ºQ²´¶?ÆÇ« ªe«¹²�ºÄ¶ÈÉºQ² ºÄ°Ê¯¿¼Ëºi°«®¯ ±a¸¿©ÍÌ ²´«¾·Ç²*³¬¯ ©Ä±ºÄ·ÏÎÇ¯Ð²�¸´©ÑÌ ¯ ÒE«¾°«¾¼}²¿¸¿©Ó·µ¶h¼ ¯Ô²�¸¿ÂÕ¼}²´Âe¸¿«{Ö ²´³e¸¿©ÑÂÏÎÇ³ºÄ·ÏÎÇ¯Ð²�¸´©ÑÌ ¯ Ò×ºØ²´©ÍÌ ¶h¼ ¯Ô²�¸¿ÂÕ¼}²´Âe¸¿«ÓÙQ¨ Ú Ö�²´³e¸¿©ÑÂÏÎÇ³¼½©Ñ·�²´¶°·ÛÂµÂµÌ ÜÝ«¾³ÞºÁÆÏ¶È©4¸ ºQ² ß¾à¬áO¯ ©Ä± · ºi·µ©ÑÌ «}Å²´«½¸¿¯ ºÄ·µª ÜÝ«¹âÇ©Ñ·ÕªÉã§ � ³µ«Mâ ä¬¸¿©[ÆÏ¶°ª¬« º ÎÑ¸¿«åºØ²æ²´«¾¯Ð²´¶°·eÎ ÜÝ«Áª ±ç©4¸ ¯¿¼Ëºi°«Ì ºØ²_¼�³µ¶È·eÎ ¶°· ¯�¶hÌ Â¬BºQ²´¶°©Ó·èã

MÓé


